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(57) ABSTRACT

The present disclosure relates to a structure and method of
forming a GalN film on a S1 substrate that includes an
additional or second high temperature (HT) AIN seed layer,
introduced for reducing the tensile stress of GaN on a Si
substrate. The second HT AIN seed layer 1s disposed over a
first HT AIN seed layer, and has a low V/III ratio compared
to the first HT AIN seed layer. The second HT AIN seed layer
has better lattice matching between S1 and GaN and this
reduces the tensile stress on GalN. The additional HT AIN
seed layer further acts as a capping layer and helps annihilate
or terminate threading dislocations (1TDs) originating from a
L'T AIN seed layer. The second HT AIN seed layer also helps

prevent S1 diffusion from the substrate to the GaN {ilm.
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r N L .
n . . -
llllll

1 [ -
ﬁﬁﬁﬁﬁ
-----

bbbbbbb
-
L
. H L L . L ] . ]
- . a ' "a - . " "a "a " - - "
''''''''''' - " .M T - - . " . . . ) 4
. = § r v y \ R B + . N a1 . Al 1 }
. L I e, q_ . . 3 n ] . . » [ - 1
. - v dw . " .. . "y ..-"'. i
- . " . - R ) o
. . - - . a1 . . - . . - . '
--------------- -\.-r_ " Y . - T . T k.
. . N N . N . - r
T e S Y S S S el S T e OSSP et S SO S
r .
] r I ¥ 1 k
. [ y r » .
- ¥ - Kl ¥ 1 ] 1
[ . ) X - * : y
B r r 5 L4 1 r !
: {“‘ - : " l 1{-)
- r Ky L 1 [l
L Graded hulfey Faver
. - 3 k
L] - . [ ] 5 r ¥ . §
r oo 1 ¥ ' | 1
. v y - * : ¥
r § r & ] 4 r 4
& r i) .
LN NI TIPS T R, Il IR L R R, RS I NI IR TR I I I I RISy, I PRI RS I T PR R I, I SR, PRI R I TR S I P
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii "I_
B ‘e b kB o2 b b b omom b bk om b kb om bk b b ow k k kb kb ko ko ow bk % ko ko kv bk kb ko k k ko om bk ko how bk kow kb bk omow kb bom ko kb kb k kow % k% om kb bk omow b kb k k k bom kb ko kb ow bk k komo bk % ko ow bk k k ko kom bk k hokow k k kow bk okl
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii —
NN N N N N N N N N N T N N e N N N R N N N N I N e N N e N N .
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii - . &
L T T T T T T T e T R N TR R N T R Ik B T o o o T o e T T T T B L L T T -
nnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnnn w . b . b b b bk b bk bk bow b bhow khow ko kow how bk bk kb ow b kb kowokow ko hok how kb kb kM kLK =
§ = s m b vk E k ko om kom komowowow ke ko7 ok owkow kowkom ks kkowow ko1 ko ko kkoEonkowk 3 = 3 . = b 1- ----------------------------------------------
iiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiiii 3 | W H"-l L. A . L R N R I T O Rt T T T S LT T S B T
B R R I S I I I R IO I R S I A A b R
e N NN N AN N e N N N N N N N e N N O R N N N N N N N N e N N N N e e N N N N N
f & b kb b b on k ks hom kb ko kb h ko h b hou bk b bhokom kb ks ks bk bk bk hok kb h kb kowh bka bk bk bk hou bk kowk b b bkos ks k kb bk b kb ok bk bk bk koboaka bk ks kb bk b kbbb bbbk bk b bkrhkoa bk bbbk bk bhowkkoakhokkakhk
§ k. w b b m % bk kb % b b bk ko w bk w b bk w b ow bk b bk b bk b w bk bk ow b b o bk w b bk bk bk w b b bk k bk ow bk ow bk b ou bk w b bk bk bk b b b bk bk bk ow b w b bk w bk bk w b ow b bk k bk bk bk bk bk b b ow kw4 bk w b u b bk bk bk bk ow b ow b bk ow bk bk w b o k bk ow bk bk bk bk k k kou kou
i e g g e g e g g g g g g g g e e e g g e g g g e
. = - T T T T o VT e T T A T L . | L] - - - L) -
.!. LI - PR ? - L L] + va LT B - Ea | L] Va7 L]
r . [ r ¥ . - - - - h r . a ] . . " r 1 » * 1 1 - =1
i {.,5 : LT T LT e ':. ‘, e eT e 1+ T oS e T T T e e A e T o LI . '.!|.q.\__. . )
X . - . . R . . . _ : X . . . . . . . R
4 “.-. .l' M L ' i g '} " le.. N N ", ra .ll- vy q,*_ vt IJ-. i . "h-.l il A g e .‘I- [ o Ty l#_ vt ,Il- s .-"l e ' -
1 LRI .t N ' LT P ﬂ."} I LT R ' O . A N e Yt oy P B S S AL A v
v LA T ) IS A3V st s N S i -
1‘\ v . A - s . - " M ey VT LI A . s " ol Al A - - - Rl v - L -~ :.-‘ FE S L
[ ] ' - '.j ' -4; r .!I - . I'. -rr '_. +1 |r4 L .- ._. - - i .a 1-'_ . . L '_- . “.l -*. + s - E Pl ..r '\.-' . - . 1-. . r. oy
[ » N a . | B oL e PR 1o+, RN [ oW . P O o [ T ll_r'hf: . r ., )
i ‘---....,'_‘4;._ F oty T e e T T P T I e e e e i o S R, R Y i S |
. i .-l'{:',.,""';-r",..,.,..,_.,., T T T e e T T s T T T T . N . T
. . . - r r . - - . r .
L] .- - T .Lr_J : . . r 1 [ - " r}_JF . q.rFJ. L TR lila‘-*h'* "lr". to LT " I'r.IlJJ. T .Lrll‘ L S L S lb..
[ 1 - T e b ¥ e’ » R . l'l.- 'L T et 1. " YR e T ) . et 1. bt T T v :
i [ | - - = r * i-ll l'r = [ - L] - -ou I-'h- liﬂ-ﬂ:’ - F .E{ o - ‘__F{E‘ - |.1.. Y "'h- [ * " ..In.
LK r L] . T T L] r - ' - L] - T ' r ta L] - L]
y - N N - 1 1o e, L - . K T T bﬁl, . - ﬁ‘td ;}l,-'ll--__-!-.-_b.. [ Py ok .
" 1-'. . e 1 -~ 1 A ,-'rn ) £Ty e, nr, . .‘rl' Ty o ., r . 1 A T oy l_lln ¥, ,"1- - .l\-l' ey r My .
) L L L3 LT 'r"ﬂ LA 4 L r L | L3 "’4 LI "t - . L T L. [ r L r "_.4 L] = L] -
i 1 . T I T - T R T A R ST -
' [ . T r u o o - " 4 T . .. .om .. "
x__i1."_.._‘......._.__..._.___1.__,,._._.._._,......__._+.__1._..,.__1,._._._.....___........_.__..._._1,._..1._._....._..._.._.__....__+'._+'.;.._1._.._,,........"_._....._'_‘._...."_._'_‘.._...'__1,._...._.._'._...._..._.._"...._'..;_..._+_'.._1.___._...__._....._ *******
1,r 1 '

*********
Fl - Y a4
rrrrrrr

llllll
------------------

.
[ - L] -
r b*. 4 . - ’ . r

. - - .
-------------
''''''

r
o [ .
--------

______
fffffff

. -
L I




US 9,620,362 B2
Page 2

(56) References Cited

OTHER PUBLICATIONS

Fan, et al. “Effects of AIN nucleation layer thickness on crystal

quality of AIN grown by plasma-assisted molecular beam epitaxy.”

Chin. Phys. B vol. 19, No. 11 (2010) 116801. May 11, 2010.
Liu, et al. “Growth of high quality AIN on sapphire by using a
low-temperature AIN interlayer.” Proc. of SPIE vol. 7216 72160I-1.
Published 2009,

Science24.com “2D and 3D Growth Mode of Nitride Layers.” Jan.
14, 2015.

* cited by examiner



U.S. Patent Apr. 11, 2017 Sheet 1 of 7 US 9,620,362 B2

kel i, i, i, . e P e S S e e S S e S ke, ke gk sk, ke, b ksl ke, ke my_pken_nlen sl sk, e e e e ——— ke sk, i, sk sl ke ke, i, i, P
- . ! L L = - ! r 4 e . . v s o . . v s o o . v s s o . v . s = o . . ! o L o s
r ' r L] ' ' L 4 x ' r T L] " ' ' r x 4 T 4 x 4 T T x o e ' T x . 4 - -
_ ; L] A, o . L A, o .. 'r'r 4 o - r 4 ; A .. L] i . - . 4 . . . i 1, . r )
) ) r e . *J.‘ ) . T e . . r .. * T T . . e *J.‘ T . .. M " T . .. ) " T . T .. * T e - ) T F
. - . e x Il . e o e . . r . " A . . r e Il Ay T . e e A T . - e o . " - e A . . . e
. . C r = . 4 . & »* 5 C k- b a . . . b »* . 5 sl . r »* i 5 P r . r 5 r i & a . . r
. - . r - . 4 . r 4 - . . - 4 . r - . 4 . r - ar 4 . r . ar 4 . . . r 4 - [N r ar
u - “m - - u . - . - N “m . N . F.. - - Y - - . - Y - - -- - Y . - SR - I". - o . —_——
Ta, s - - " s - o N " Ta, - - f F-S SR B W) . 7l e oo T e, A o Ta Ta .o~ b s LI —
. . ™, . - . . | v - L I . T A . v T T A . L . L - v . . ", A, L ._...-'"" -
4 T . - T T 4 . . - T T . i T T . L - T ] - . T T Kl L] . . T T L] .. T. . T ] . Pp
4 - o - L T - o - . T - . 4 =, T - - . . [ - - 4 . . T - 4 4 LT T - T 4 LT L =, - - -
[ 4 - - . L] T L] - T . [ L] - T 4 x 4 . [ T L] - . T x 4 T L] x 4 T - ] 4
'r.r 4, . . 3 'r'r J* . ) 'r.r L] 4 . 'r.r ** - ; T ** . " ** x 1, ; " ) Jr* 4 r Jr* t 'l.l
> e 1 ) "o » 1 T . 1 > T .. * " N . .. " N .. - N » . . * [ » ) . L 2
- i 4 r . i 4 . r . r i r 4 r - . r - - . r r - . r - .
- - R LN v > 5 LN - R - > > -7 v R v 5 . - v - N - - v LR - . o N
T T Th " “ . . T Ty T2 v, . - =, :, - "._ _____ T2 - "y - Ny T “a " - N Y T . v = Y Ty - o v ' "_._|
S = 3 B ] ] B T B ] B B = ] B T B = =
b3 LS 4 T " r 4 r i . r r 5 . [ . ' X . . r . X i . r r I . . . r - y -
N . J._ . " - " JJ_ . . e Y . . r. " L JJ_ .. . . L J'J_ . . e . J'J_ i .. . Y T J'J_ P . . T, i ..
N i . (. ] r . . ] i r I i 5 . r r i 5 . . r i 5 & . r i & . r [ r 5 .
4 - . - r r T . - . r - . . r N a . . r . a 4 . r a 4 4 . r - r 4 . . . -k N .
" 1 . -t . r - r C " - . rr g A > 5 C " r I . . . r > 5 . r - > 5 . r - r 5
- i i - - - - v, - . - - . . . . A . . " L . Ty . - - . . Sy - - . - . - u -- Ce . .
o b T - - 4 b T x x - b T o . 4 b o x ] 4 b o o ] L] " o ] 4 L] - o ]
- . . . - T . - r " - - [, ., a - - ' - - . . . r . - .- T, . - - . . '_.f‘" o . Sl
- . T - . 4 - T 4 - . . T - L " . 14 . 4 . T - - 4 . T - 4 . . - T 4 - . T, - P"
L 8 lrr' 41 LI - 'lr a d|"l L - L T 4" . - - . lr_r . d|"| . ., . 'rr a ﬂr‘r Ll . T 'r_r d|"| Ll - . 'r_r ﬂr‘r - ., Lt -'r BT -
. L 1 - r- . Y " . . A, . .. - L . ‘" . - L . . . - r . . 4 . . . L 1 . s .r“--'
. . r. a 1, - r N " N . r N . T . . " 1, . . . " " N . . . e N T - e N i Y s e
R r & r > > . r 5 R . r > 5 5 . . > r 5 . - -t r N . . - r 5 N . - r
= . ] - . LN . i 5 [ ] k . . k EN 5 & Lo r EN i 5 . r = r 5 . . L r ",' a . S L
.*ﬁ“‘*-'ﬁ‘*-*ﬁ‘-ﬁﬁi'*ﬁ*ﬁ*“"**‘*-q.--J'q.-ln-----"-*---'-J-I--r_.*--lnr_.q.-ln--q.---*--_.---I-'---I-r_.q.-ln--q.--"q---:'----I-'-*---q.-n--q.-n---q.--J'-*---I-'-*--I--*--I--q.l-ln--q.---*---'-‘*'ﬁ*‘*-**ﬁ-*ﬁﬁﬁﬁ‘-ﬁﬁi'ﬁ*‘*-ﬁ*ﬁﬁ
r r . B ) . ) B r ) B r ) ) B . ) r
r r L4 4 - L4 4 4 - r i r 4 - r 4 . . - L] 4 L] . - L} r L] s - r 4 . r L] L 4 L} .
] ] r X r ] . . [ I . . ¥ ] I . . ¥ r I . . r I . . ¥ I x ] . ¥ I . r x ] ]
r . L4 1 - L4 1 L . r L 1 - r L . - L] L ] . - L] r ] . - r L . ] L] 1 L] .
4 4 r i r 4 . - L] 4 . . L4 4 4 . - L} r 4 . - r 4 . L} 4 i 4 - L} 4 r i 4 4
k r E ¥ ] . ¥ ] a1 . r x ] . r [ . . . [ [ I . . ¥ I . . r [ . I 13 ] ¥ E
1 1 i 1 . - L] 4 . . L4 1 ] . - L] 4 . - 4 . L] 4 i 1 - L] ] i 1 1
r : v :J N : 2 v i E . (N X i . : . r E v : : ¥ X X : . ¥ X v . . r E v . . X v :J . 2 : e
3 r . L4 1 - L4 1 1 . r L 1 p r ] - . - A4 " - - r 4 - - r L . ] L] 1 i . .
4 4 r i r 4 . - L] 4 . . L4 4 =1 L} 4 . L} 4 i 4 - L} L] r i 4 4 .
r L] 1 - L] 1 X5 . r ¥ 1 - . - F] 1 - - L) 5 . - r X5 . . 5 L] 1 L) . I,,.d"’
o A T A S Do RO NS gfﬁ] }ﬁ*k €F 2 A S Ao
1 - 1 1 —_ - . - - - . - . 1
] :J E : r X r 4 : Y : v :a : Y ¥ 4 X ;. ': ¥ r A . y n r A : : ¥ A x :J : ¥ Fl : : r i :J ,f?
4 4 r i r 4 . - L] 4 . . L4 4 L] . - L} r 4 . - r 4 . L} 4 i 4 - L} L] r i 4 4
k r . ¥ ] . ¥ ] X - r x ] . r I . . . I I . . ¥ I . . r I . . I 13 ] ¥ .
1 1 r i r 1 . - L] L . . L4 1 ] . - L] r L - r L . L] L i 1 - L] . ] r i 1 1
r . L4 4 - L4 4 4 . r i 4 - r 4 . . - 4 L] . - L} L] . - r 4 . L] L 4 L} .
] ] X ] . . [ [ . . ¥ ] I . ¥ [ . [ . ¥ [ x ] . ¥ I x ] ]
¥ r : v " r : v 1 a r X 1 : r . " : X " : ¥ X . : X . X ' n v :
i
A f
i 2 S ,
1 F .-r'"-'
2 ..!"""I = + -
1 ]
f o 1
{ 4
3
! =
I A K
A
I
. i 5 A Lo . o - . :
: i i . - c el . T.r . A T X . . . -
! a4 - S - rmw - a 4 - T rT R | S .. " . " r T T T 4 a4 4
. L 4 - 4 1 . . L4 L LI i Ll . . . ro- - L i Ll 1 . . . . . . . r i Ll ] . e
b i' Ly P SR r.r NN Tl A e iy o a S : S : o Jo0 e s e '{"-‘
i L1 LY . .ot - = o 174 . . e .or L LY . : s : LI LY
& IR . .. j* ﬁ ‘IJ. D ] . rb ar J.' . L : o . : r N 1, . . . . . . .
W OO R BN SaD ETRVELS R _ b _ . S _ :
- 1 = E _| |.l' l-I- |.l- [ - - - - h o ) h o ; )
T T T a . ) LT, T L T4 A aR .+, - . - .
L T e e A LR
1 ¥ 3 ] PO T S g s " .b - Pl e T +bq * " ;lr i
! _--_I_‘I_ G .q_._-'ﬂ-_'—__‘-'\-.- I-Hﬂ._- N "‘h-'-_-l_._m-_m
| T ~ "‘--- o "l"- A - - - - -“#".'.* . A LT ~ -
L L u . . . Lo . - T w -
i - . r - . T 2
1 B T LT L L S T T AT
! . .r* cor *.*q A, 'rl‘ \'*4‘ 4
! T "‘H" T, bb i * J'. LT . ? " " bh & ! —— 3
& . T i & - s .r'.f-r"
N .
! ) ) ; . -y, . g ) - - i
i - - N - 4 - . - . r‘.!"
i - - - = - I, - - )
L] Ll B | L . R T a4 r - - . oL
] A A L o 'rrlr x o L .
] P I ) . ri X4 1. ..
o a7, . - L L s .
‘\\h L] 4 - I I 4
-

P A

e

. . . . . . .
Y 1 f] - & Y § f] - ' n | e b ] f] 1 2. a [ § 1 L. a & 1 .. " _" [ 1 iy | [ 1 1 - iy | f]
- e s e el e e e sk S S e e e el e e e e e e el S S e S e e e e e el e e e sk S S e e e e e e e e el e e e ke e e el e e e e el S S S S e e el e e s el S S S S S e S e S el e e e el e e e e e e ke e el e e e el e e e ke el e e e el -

FIG. 1

R RS e

1 — i
1 H\‘ I
'
i

- { - : ] ! b T i
. . £ o b : ':. . +_ t .:. r f -‘i-
06 —_ | v 1 202
R I } S ; : ; LG b ;;.r‘"f . ]
_ - - ' ! + . - .
T -16{n F'I;i ' ! ’ - 2 . P . ¥
; PO : ; s % L ;
; * P ; { ; .’ L "-
: g ! ; :; y E . ; Y N
.| .p' ' _" ;F ': ; 4 :l .'.‘:\_i
"""r"'- i - : v ‘.F\'ﬁ:= ! : : \ ‘\"-
- : ; ; ! ! ; \f .' S T .
‘ — h . . o ' - . 1 A p
04 o |t N
- _“"'- i ' ‘v L"‘Ll-.-.‘-\. E |*.| I‘I
\, : Y
-
"‘_\_._ . . PR T S PR . .




5!
Q
%
g
{};
G

T =t

Lot

T
v ol
werenst

-
——

— } 12
i
{3
{3

A~ ]ié:ifii

—— 11
|

US 9,620,362 B2

Sheet 2 of 7

Apr. 11,2017

- .
i

1
Ll
-
-
r
1

1 T = 9 4 vt L] yrrryrryrrrrorx

roerrrrxrrxx o

[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
h
-
A

EFL T L N

&

o L S R S L R L R R

k
1

[
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
[ ]
[ ]
':'-—r .I-".-.‘
-
- 3
F
L]
-
-
"
L
r
L]
L]
[

X

L

- - - e
.- 3 a, - . -,
SN U : . S V. R TN S A
I ‘Ml e Wit srae g YigRan LY ; i A Bl Malaen B et uit ol fils Rl Al AalR LY L, S, PR T N
- - - = - - = == =] . - . 3 q.- . 1 - ......1.. LI T - ~ § - § 1 - * T L - 3 -
=2 a a a a’aaaaaa " T [ ) " I . - L. 1 r rd r._.. . - 4, . i a4 . . - 4, " " . P . 1 1 -_r ' .._-. L
r P v . . r. 2 e . k a a N a ' a - a L .. ' -
J =2 aaaaaaaaaa . O . ¥ 1 e I FUCER -, .t 4 3 5 - - - - 1 5 .k T T 4 - n “ 4 ..
] - N " " . -t - ' [a* * ~ - ...._1 “w F ~a - . ¥ W " - F - e e ML
a2 a2 a aaa A a A a Al et W T . 1 r K . r ] . 1 " ., a 1 1 r . o ..-. -...... - = n
' .. - - - - a - . - . -
-nninnininnni u.. 1 " ' - 1 7 r ' r - - ) - - . " b » U 1 r ] ' ] ._J;
| B I I ] ) * o a ..- ¥ .t . A e et e T e Tt " -3 F . - . » o R R ..nq. - - * a9
- - - - . ' - . a a - . -
] 2 2a 2a 2a 2 2 a2 aaaa - - o ... .... h_. * .._._. .-. -.._._,.. _..1 ' _..1 *, ..“..,.. h._. .._._. ... - .-...: .n.-.._" -, ....- ._n._
-t . . -t - = . 1 1
-.i.i:i-i-i:i.i:i.i.i.iu * o T ! ._I. ._ .... " . L L L Lt LLLe 1 .._ -... L ' ..._. r —.n . a ..... - T _.... _ -..... _ ...-.
] - . " 1 r f] I » L, q - " r " - » r . - rp . a, r 1 1 . n L, " 1 4= r . LI -
P . - 1 ¥ 1 . F . e L . - Do -, =a ¥ - N - r 3 . . - M.y - - .- .
-|||||||||||| o e . e .- § . R P .....,_... .....,_... ke ST Lk Lt - o ! r ..-. " fa " |_.._
N N ' " . - ] r - o Jfde drode b ode O ode O b & - i r . - 4 r o - r3 " - . ' [ ' e b i drode O b b e O b O F x n & 1
1 a 1 T 5 T f] ' a ] 1 . r a - a a H T [ ] . . . '
-nnnlnlnnnlnh. r - ¥ 1 " * .o IS X s o - 4 a . » IS e n...:. - L * - 4
. . - a - 3 ' - F a - - . n .
. e - e e = = - = - .- 1 + L. - oo ¥ - .- + + .
-nnlnnlnlnnnl h\ ' e - i M . " dod de de de dr dr o O ] . . ._.._... ..“.._ . Pl e ey .“A n " ", ....-....._
- .. .. - - - s - .
-nninnininnni,.... ' - 1 7 1 ) " ' 1. A ' * N ' - a [l - . ' -._
. 1 . F r ] - 2 . ' ¥ ' r 1 i ro. r LI
- .- = = e e = = = = = = . F 1 - F - A ] [3 - . . - 1 o - ™ -, - - -
| 2 a2 a a2 2 aaaaa 1 T hh - .' o ._ Rl L B L .-..._ - . , _l._. h. vl o o xr oy --. -, -.l T .:.
22 22 a2aa2aaaa - " 1 - . . - 1 " q- - *, ' 1 . Cor 4 " 1 . [ " '
L L [ ¥ h. . > . - . - ] " y . W - - .. - -.r a __.r »
r . . - r - . r . . .
"-n-n-nn-n * 1 . Wt ._"r. ot ¥ - ] - ._....._ w x5 ] . I EIEICIEIC I TN “| L . L .n.._..n‘
a . ' - ' ' o - . -
2 a2 aaaaaaaaaafe” : . a - a r : re ' a : r A s m s amoaama s} ™ 1 . =z h'a . L r n
=2 a a a2 aaaaaaa " Lh " 3 L [ " I . 1 . - 4, 4 & & & = & &2 & & & &= a1 " " . & 4 -_r 1 .._-. L
r a ' P v . a - a L L. ' -
J =2 aaaaaaaaaa h_ ..... ..T .o LT L. L J ......J.......J.......J....-ﬁ ", L - . ", -.-.. - Lo 4 & &8 &4 & a2 & s aaa .1.1+1 P, 1 - .—. LN PE NI NN N N N N -1 -, LLR ._..-. e
2222222 aaaa 1 - . e 1 - P - AT et o . Ta, ' 2 2 a2 aaaamaaaalh U . " . e i - n .
f] N 1 r f] 1 . - r b - 4 1 T F 1" . - 1 r . M » r N
| B £ y 1 - + -~ Y 4L, = - 4 - - = e e = = = = = = = - - -~ P [ - - - * .
2 2 m a2 2 2 2 =2 a2 a2 =2 = ._.1 1 - v.. F . .l = I.l.l.l.l.!l.l.!.qu [ .,_..... r ] " 2 2 2 2 2 = a2 aaaal} . a H - ._._..1.1.1.1.1.1.1.1.1.1.1; * " u ] =
L] . - .o - . - A s . A .
-iiiiiiiiiiii,... ' = 1 _,....—. 1 ) * ' o7 [ 1'x " ' 1 ' * a2 a2 amaaaaal » ' = a .
] 1 N | r d - - . . T ¢ r N ' r a ' r 1 1
a - f] . & - - ' . .ok & R 4 d, ' ] . . - f] o .
J 2 2 222 2a2aaaa L_ r ) .- .' - o 1 af o o o or o oo oar o __._.. r T . __.._... ¥ - f iiiiiiiiiiiirr- 1 r ) wr w oo w o ow oo oa o oo
v . . a v . . . - ' - .
- - m e e e = o- s r . - . 4 > - - . > - 4. - > a - - e m e mmmemm == 1 . r .
|"|||||iiiiiii._ et ) f . Pl . " a’ ! 4 .-r._.. ' 1 iiiiiiiiiii.-..... . - . .
L . = L] L . ra L .
-l 4 & & & & &8 & a aaa L_ - l.T ._- - ._. Y ERE NI N ' ...._... ., - 4 2 & a2 a s aaaaaly Y o -_. - - .._. L m,
. 1 . - - - . 1 - . o= 2L, e | - 1 . »
J 2 a a s aaaaaaa ' f] i § w1 r ' . r rd oL 4 & &8 & & & &2 & & & & &1 r " " L, &
4 r a ' ™ 1 r 1 - i r. a ] 1 1 - a E
] 2 2a 2a 2a 2 2 a2 aaaa . [ ' - . " . f] ; . ; .-..... Ao 2 m m a2 =2 2 2 = a a2 a a - - d . & ; ; - ;
- - m e e - - - a » . T [ » . ., =k ||||||||||||—....__. F ¥ WT » -
2 2 & & a2 a2 aaaaaafs v . 1 - 1 - _.h T - i - - ...r. 2 2 2 2 2 = a2 aaaal ._. - " o
' . - 1 - -
"iiiiiiiiiiii " 2 * L - ! " T L .-....._._... Lo 4 2 a2 a s aaaaal . " " . ' L
- L] L] L . T =
||||||||||||.~ ] - -~ . 1 F § ] . - 4. - LI - - = === == === - 1 *
=2 a a a2 aaaaaaa 1 . ' N 1 r 1 ' d r T . ' a4 = & 2 = 2 &2 = & &2 = a;l r d Fl o
- + - - & 1 a F 1 . * - ] ¥ 1 F - -~
] 2 a a2 aaaaaaa L, - 1 - 1 i " - = T 1 . 4 &8 &8 & & & &8 & & & & & - a . L - .
-..:--:.:...: ﬂ. L - . F K W " ) o T T e A ., ..._. ..u..u--u..r..ﬁ ¥ W - S CICRCAUACRCADRCREAE
r N r ' . ' = . N - a ' ' N
4 a2 a8 s s s s aaaaa . - 1 1 r . > . - 4 a2 & s s s & aaaa r . -
] v . 4 - 1 e - . .-...,. - 1 . . - 1
e e e e e = == = = - -~ 1 § ] a - - - 1 -"a - o 4 e | .. .. ” 1 r
o a a a a a a aaaa ' i " v .._- e . . df i dr i dr e O i 0 i K __... - i r ] a s a a s aaaaaaal . L r o wfir dr i Jr b Jr i 0 ode O i 0
. . : . a a :
] 2 2a 2a 2a 2 2 a2 aaaa 1 ' - ...._. 1 ..._. + - - - - ninninninninr_. - + + ....._.
f] " | r _h r.. o 1.. a 4 - ] o
. e e - e e - === - - LT . . e e e e - - e - - - = -
-nninnininnni _»1.. 1 3 a I I.l.l.l.l.!l.l.!lq...q... - i a e e A A A e AT AT T . ) T TP
e m m e e e mem .- - - . Lo .- - m m m m m mm e .. - -
"iiiiiiiiiiii__.n... o 1 . 1 il o i iiiiiiiiiii.-..... A i
. - - - -
24 a2 aaaaaaaaaa T a s r 1 . a ; I ¥ A s m s amoaama s} 1 -
| B . > L. " b v ¥ FT AT UL P I P R . - \ ------------r.. . s L L TP
X ' - - a . a .
] 2 a a2 aaaaaaa ..—. 1 N _.._ T | “a 4 &8 &8 & & & &8 & & & & a1l Yoo
. ¥ - - - 1 ¥ - ] ] 1
] 2 2 2a 28 2 2 a2 aaa . ., Lt - 2 m m a2 =2 2 2 = a a2 a a - .1
4 a2 a8 a2 aaaaaaaa arCde e e Tae e e L ] 4 a2 & a2 a s aaaaajr - deCae Tae Tae e T ae T e T
] ._._m " T Pl . .-.. v '
P I . . . A a2 a2 a2 a2 a2 aaaa .
. T . . '
e ML | S o iiiiiiiiib
| 2 a2 a a2 2 aaaaa 1 af r - o o w r w o ow o . r "\ . vl u ninninninnin—._.. . b - o o r r E r o rwox
. . -
=2 a2 aaaaaaaa 1 q_......_1.. PR . = 2 2 a2 aaaamaaaalh _... .
] ! e e 1. rooho e
-.u.-n-.u.-nu.un-n-.u.-n - e : : - P - TaT AT AT T - B T
- - L. s
- I v . oe A amaamaama ) - i
| Bt R s R ' e e e L .
a - . . - ' . . .
] 2 a a2 aaaaaaa 1 r . d - . .o | -.__.._..._.._.._..._..__.._..._.._.L-.__.. v.._ . 4 &8 &8 & & & &8 & & & & & . K br o o o oy o o oo oo
b =22 aamaaaaafa R wo" a a2 2 m a2 a2 aaa.a 1 .
y s . - i
TR N T SN T D T I R B
- .
— e e e e === =] - 4 - I T -
| 2 a2 a a2 2 aaaaa 1 ...r. i r b 2 2 2 a2 a2 aaaaaaa _. -
= 2 a2 a2aaaaa __.._1 .-....... - ninninninninr - " o
. a L L]
- - m e e e = o- s > - ' - - e m e mmmemm == 1 - .
I B L PR s LI L A I o
] a * - - L] a L] a - \ ' 1 " a * a
-nnlnnlnlnnnl - ._h . r 1. - A o . . ; ; v 4. ._h.. 4 2 & a2 a s aaaaaly A " . 4
r - . - -
2 2 2 aaaaaaaaafe’ . - 2 w? 2 - 1 P , . e : 2 s 8 a2 aamaal - 1 - ...m“.
EEE I - . ' I 1 . e L .
I m.; - 1 W » . -~ f a . . M . ; 1 q ] *- . - .
] 2 2a 2a 2a 2 2 a2 aaaa § * .. - .. & 4 e L - - - - ﬁ 2 m m a2 =2 2 2 = a a2 a a - - 1 n £ .
J = 2 a2 2 a2 aaaa -h __... hn T -. ! .._T ' __.... ..._.-_ r’ .-... & T ’ ..._. . ﬁ i A s &8 2 a &8 &2 a & aa l-lt vt L] __..1 2y
B L I 1 - ¥ . - . ’ ' - - D . - 1 »>
] “1... 1 T . ; - 1 - a . . 1 " E . k f - - i |
-iiiiiiiiiiii ) alt > ._- - . ¥ TN LI T . - v o-, I, ..u.... . . iiiiiiiiiii*... . .t ?
- . - ] L] L = - L] . T
e ] - - -~ . - - § ] "L - -y - 4. - ...___u_... - - === === === - 1 - ;
=2 a a a2 aaaaaaa 1 3. T . 1 - 1 T Fl N - m . - r roa a4 = & 2 = 2 &2 = & &2 = a;l d d .
- - -~ & 1 a F ...._u - 1 . * - ] 1 F .. -
] 2 a a2 aaaaaaa L, r 1 - . 1 i . d . H...._1. r o d r A r n - 4 &8 &8 & & & &8 & & & & & - » d L 4,
AR AR AR - r 1 N " [P e - - - 1 . . I . - ] ¥ .
r . ] ' " . m 1 . —._..1. e PR . ; 1 r v . -
N ' a 1 n 1 T f] ' [ J . - a i r .- - ¥ - a
.t » . - _.. a r u @. - - . ~. .-... . . u h .
._.. wr ! o R abererema r.v.r RN L 111 e OOy E . L | + E . -
! & - _.._ - .‘i,. ..._ r, [ . o, r [ .r._. . " .rr ] .
. r‘ - - a a . ' . . .
B CRN ' 4 ..._..._. . . . A““ L T T v v J i Ca '
o 1 1 Y [ e g YT . I - . _ ' . b . .
r . 1 r F . . [0, .+ . - . ] ' 1- Ty .
¥ o, - 1 ¥ 1 Ly + - - - L] ] . . - - -
. " - i - o " - 1 . . . oo . *
“..r b ,..._.3.. T . t LT L - N . ! o
LA 2 N L SRR J T K L r W, 3 .
1 L] r - 3 - F _ r T - -’ [ L] L] - i F] 1
- - ' - oy 1 r r o . i
H -_a o bk - XN E axap v o ") . ., .i- .E
e 1 a . - 1 r e g a 1. . . - 1 - T 1 -
- 1 r » . o - L . Y - - 4 . .
L - 1 . » . - f . ) ..-._.. i .- f i_. .
__-. T 4 - ] - A 1 LI B LaESR B LI r .= - a " r L] . - !
- 1 ...l ._.. ..1 L - q LA LN ] X .1.. =, .= 1.. ., 1 : .
-ik - - . » I ¥ [N b 1 __.“.1.. ; ! ) s N v N '
- Ca o Tt N g A 1 - . .o L S
R o rt [ e g - o . , e 9 i
4 L - O T L_...L .-...,. ' 1 T e S T * “m " * . o
- 1 5y ] . L. R LI 3 o="a - 5 - & . . LR ] a L. .
¥ . ] ' af & & & ¥ i kX My r ry - % T rd’y -] L . rp ¥ . L} T '
- - N o - ot . ' k. o - - - o - - i - L] - N .- .
1.,,.‘ . Cl B : - r E P -, " LI . o o ., ] - .
- 1 . ' - 2 " r r 3 oy .n...__ 1 . i -
- 1 - 9 a H L] ryrrr YT rrrrx r L T ] R hl L] Ll . LI r L ' § L] -
I o UL B EaEEN P RS i e ERY T2t - Sl RN o (O okl
_ P DR~ = O i T B PAR UL TR - T -y - .
. d r a y - s ) ] ...i v, L Lom a R - ' 1 A - . S, . . n,
. . . - - - - L - - . - . - - . - f .
Foe . . RS AR LA ¥ of SRS L o AR S . T S N WA
ST L o ' . T LI N - .r , ar A, o ' T, . o d - . M . LI T,
. . S . . * r ; S - - - R . _-.r. . . . x = = Y
] E - m. = > 5 I, .- L I . i P .. 5 - 5 1 s L] . r »
...-. . 1 ....rr L . ) v - A - .,... 1 . 1 i.. . -.L. . l._.. cE - r-. .n...
- . - - - 3 -
TR -ﬂ._.... _._.. E} . r P rall .1._... b a7 a Ta L ' . 5 v -_... ' . r
a - a ' a . . ' -
1 . . [ l{ ...__.-.-1.. L - -, . A T - » - . A 2 a2 a2 a2 a2 aaaaaa 1 D . __..i .n.....- .3 - a +
u._. . et " . no- .l.. L L - A T, -, e I I o A - A LI
1 a . __1. LN i .~ - L 1 . ¥ a 1 2 a2 a2 aaaaaaaa .- a . .. " [ - - n
. . . el - - Ok . - . F h * - T o
i a - I a i - . . ) a r - 4 & & & & & & &2 &= & a - B . a, - L - -
' F - R i L. r » L EEN . - - * 1
I - U Lo i . .., f " " o o r -q... - ' - _n._
] s - - - . . -n.i.l..in.. - - - - . a A 2 a2 a2 s a2 aaaaaa .. - . » -
a ] . - r . r & ' n r 1
¥ - - Il . B - . . - . = r
s . + f. e e e e - e == - = - 5 ¥ ' * r . -, 1 +
v ko ) . ] H a2 a2 a2 a aaaaaaa - ! [ -... ' -.... . "
. - .
N ] ! 2 2 m a2 2 =2 =2 a2 = a = T ._. e e .._.l a -.r __...._;
. i - - - = = = = = = == - 1 - - i 4 L [ A...
' i 2 2 m a2 =2 2 2 = & a2 & = . . " . r 1 1 ' .__-. L
. R s . - -
- A 2 a2 a2 a2 a2 aaaaaa i . - . . *y P -
Il B R 1 . - B UL UL L L I P TFT - . 4 L r
r - v . om 1 T i r - LI -
¥ ] R R e N R R R IR | . - - - .._n -, ._._.n - ._,.;
' r .
. y - iiiiiiiiiii.—._h " - 2 1 r - [ " '
> .o a ] ¥ ¥ . ] - L [ . > .o P S e - - * a
a 1 - 5 r f] L, a ] | P ... a a 1 - " 1 - ]
4 F e ey 4 N F . + - 4 &8 &8 &8 & & &8 &8 & & & & % R + ] & -, - - . + 4
a 3 L. - a " Fl Y ] " Y " - " & r L]
- . n 4 - ] .. F e e e = e e = == == 4 F .o a + . - = + 1
' r - [ A L " dod de de de dr dr o O ] nnlnnlnnlnn.—_._ ' r R " & LE -...
.- . ' - a ' ' . . '
...._.__ A .. ...__.—_u_ - + . .-._..... - . [ 2 2 2 2 2 =2 a2 aaaal b __...._ ...-. _-._.. - .._.._
. . L - = . . r o = =
. 1 . 1 o - L. -, e oy - . e e e e e e a4 s " F -
' r " - .._-._,.. - L Jfde Jrode b de Jrodr b ode ko - 1 - ninninninnin—.. L B U U RN U . x n & 1
' : . '
1 - . n 1 W - ' e A 2 a2 2 a2 a2 aa s am ak - x n " .
f] i ... ..__. _h r.. + i A -.—.. -.:... l.- r, __.... {
T -_ ...__. .._.. ._' o L " . E B B B B B B B hhihhihhihh#.a a4y xxrxrxaxax .-l._ :-_ -n :I ._n
..— ! T + el r 1 4 4 a s s maaaaal o . . ', ._.;
- ¥ B - - - L 14 14
1 - a . - L - 1 . r = - n
T N yF r......‘........................_..,. .-..-..-..-."r h nnaaaaaaanna 4, S T T
= r f] ' . .. - 1 r 2 2 2 2 m 2a 2 2 2 a =2 a;,nq ! 1k .o ] r 1
§ " hn ' 3 . F . T 4 2 2 a2 s s aaaaaly -.-... [ -.... " :‘
L . - L] L - L
- 1 N r - 1 w ML, 22 m s aaaaaaal.d M L3S L . r LS
- ' ¥ T B - -t - .t A | a4 - - - . »
_,.”— - - .u __._,. hh , ._r R R e N R R R IR | r-. J.__. ...- .n__. o, l;
M .
. e e e e - e e - - - - . - 1 ¥ - - _ e e e e - - - == - » . - -
o e a a a a s s A ! - A - b et - Wl AF = o o o o o w ox ow oxow lilliiiillil.—._.* e r o r ik w rw e ...l-. e LN b= [
. a -
R 1 - . e h..—_.,... - ' e iiiiiiiiiiii-.—._ o= _n n "
i h#__ 1 r ! - o - ] .- -.:_... - L " i
. e - e e = = - = - - .- " - e e e e e = e - = - .-
-nnlnnlnlnnnl o T A ._' - R FEEEEEEEERE nnlnnlnnlnn.—.._u oo oo d -l. " " n ",
2 2 2 a2 2 a2 a2 =2 a2 a2 = af:’ 1 T a Th a r 1 2 2 2 2 2 =2 a2 a2 a2} T n - r o
J 2 a a s aaaaaaa .h;; i -k 1 r ' [T " nlnnlnnlnnln-.. 1 -1 -_... 1 ...: L
r a P T N .. r .
] 2 2a 2a 2a 2 2 a2 aaaa ... .... l._. ' ._T O - h.. R N RN RN ninninninnin— 1-. b s . a.a. a9 .-l -, -.r ._.. ......
. e - e e = = - = - s » ' - . 4 e e e e e = e - = - .
"nnhnnhnhhuuh- et ) ' . - . " nnhnnhnnhuu.-......_ ."
T ' - L] T
-l - & & & & & & & &2 32 & L_ Wt + ._-. - __ Ly T e P 4 &4 & & & & A a2 a2 s .r - PP I I P PN PN P
I —— . ) . — " W7 ) e |
J 2 a2 a a2 2 aaaaa | - . . 1 - 1 T 2 2 2 a 2 2 2 =2 2 a2 = 114
+ .t - . ¥ 1 - ] ¥
] 2 a a2 aaaaaaa S r 1 - . 1 i . . 4 &8 &8 & & & &8 & & & & & r .
- i K 4 ' . ) . . . '__.._ . . . .
. e - e e = = - = - - - .o . e e e e e = e - = -
a2 a2 a aaa A a A a Al et W 1 . 1 - K - nnlnnlnnlnn.-......
' - N -
-nninnininnni .—.. . ) - 1 - a . ; a s m s amaamaal} 1
P . > . o b v ¥ e P AT UL P I P P . SRR LR 1 L L TP
1 1 1 ' 1
] 2 2a 2a 2a 2 2 a2 aaaa 4 ' ] ...._. .... ..__.._. .- i .......-. - . . ninninninninr...._
i Fl . - - ._h r.,.. K . - l... T ]
. e - e e = = - = - - L - . e e e e e = e - = -
a2 a2 a2 a2 s s s a s s s ' e - [ L " .r.r.r.r.r.r.r.r.r.rq e e r a e e A A A A AT AT AT T od b bk i dd ki k)
. . .- . ' a . ' .-
] | " _. " - .. H L o 1.. .—n._.
RN v ] . - L Jhw .t ”..1 s LT nlilnlnlilnlnlilnlnliln.r 1 e
ST . - - . - - ST AT AT AT
e a e a a e e e A 1 a M 1 N 1 | - "a r . P I A ML |
+ - - -~ - L] - - - | -
] 2 2 2a 28 2 2 a2 aaa a . - 1 - . a H.l L - 2 m m a2 =2 2 2 = a a2 a a -
SRR, e F 1 N Lt . rrrrrrrrrrq._-. - o o - B Tt T [
- o - . . r r e . -
-nninniniinni. T a 1 n 1 __..,. f] - 4 " a nninninninn.-.,.._
I . P - - x v, - .= i
2 2 m a2 2 =2 2 = a2 a2 &2 a a . 1 - a - . a & T 2 2 2 2 2 =2 a2 a2 a2}
o a s a s s s a s aa ' r - ] v .. L T R R R R U] ] 5 . e e i ae Tl T i e e T e T T
'
J 2 2a a a2 2 a2a2aaa 4 ' ...._. ._.. ..___. ¥ i ......nu__..L ..q. T iiiiiiiiiiii-...-
f] " H r ._h . K . - " . -._...
. e e - e e - === - - L. - . e e e e - - e - - - = - .
2 2 & =2 2 =2 2 =2 &2 =2 =2 = * " —.h ‘". . [ | N .l.l.l.l.l.l.l.l.l.lq 1...... r PR N R r o wr wrwwrwrwoxox x|}
.. - - .
2 a2 aaaaaaaaaafe’ . ~ 1 e 1 r . v . .. nnlnnlnnlnn.-._
1 N d r a1 - ™ - - & o [ ]
e e e e e = == = = -~ 1 § ] a - - = e | +
a s s s s s s s s A .H_ r A - ..' v - 1 af w o w x warw o woxw - A r o r rwrxwx
a2 aaaasaaaaa 1 - . 1 W - ' ol '.__
CE Y 1 " 1 + - - k

[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
L]
L
=
.

N

W W W W OEC EC W W W W W W W W Wr W O wr wr
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[ ]
[
[ ]
[ ]
h
-
-
-
]

o dyr e e ot ot ot b d e e o e owy ke o b

306

U.S. Patent

. L
4 a2 2 2 a2 a2 a2 aa 1 . . nnnnnnnnnnnn- . .
- . . . . b . . . .
lllllllllll.—_h - _- llllllllllll-.l.
SR, v SRR,
- .
a4 2 a2 am a2 a2 aasm 1 A ._'. o ] o A A mM A A ..\-..Iﬂ nninninninn#.._ A a A
N - - " '
nnlnnlnlnnnl.“ 1 T a " . r 1 4 2 a2 a s aaaaal
L I ' 4 v + a1 > - & - L R B L |
1 - a - a H - 1 ] .
4 2 a2 s aaaaaaa L N F o __......2................................._..,.. -~ 2 2 a2 s aaaaaaa | e
. e - e e = = - = - 1".. * - . a 4 5 - L
PO W N N A A Ay L M 1 L L 1 1 L
- i i - .1&- - - i - w i - i i -

yood

Fig. 4



U.S. Patent Apr. 11, 2017 Sheet 3 of 7 US 9,620,362 B2

provide a semiconductor substrate

- i o g e ey . 5634
form a first I1-M {tri-niiride) seediayer over the semiconductor substrate 7

v _

) ) _ * ) - _— 306
form a second HI-N seedlayer over the first HI-N seedlayer

3

form a third =N secdlaver over the sccond HI-N scedlayer
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form a graded buffer iayer overthe thud HI-N seedlaver
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form source, drain and gate regions over the heterojuntion structure
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SEED LAYER STRUCTURE FOR GROWTH
OF 111I-V MATERIALS ON SILICON

BACKGROUND

High-electron-mobility transistors (HEMTs), also known
as heterostructure FETs (HFETs) or modulation-doped FETs
(MODFETs), are field-eflect transistors incorporating a
junction between two materials with different band gaps (1.¢.
a heterojunction) as the channel 1nstead of a doped region (as
1s generally the case for MOSFETs). III-N (tr1 nitride)
devices, such as AlGaN/GaN devices, are one type of
HEMT that show very promising performance in high-
power and high-frequency applications. III-N devices can be
used, for example, n high power-high frequency applica-
tions such as emitters for cell phone base stations, Direct
Broadcast Satellite (DBS) receivers, electronic warfare sys-
tems, etc.

BRIEF DESCRIPTION OF THE DRAWINGS

Aspects of the present disclosure are best understood from
the following detailed description when read with the
accompanying figures. It 1s noted that, 1n accordance with
the standard practice in the industry, various features are not
drawn to scale. In fact, the dimensions of the wvarious
features may be arbitrarily increased or reduced for clarity of
discussion.

FI1G. 1 illustrates a cross-sectional view of a semiconduc-
tor structure including a third III-V seed layer, formed
according to some embodiments of the present disclosure.

FIG. 2 illustrates a cross-sectional view of a semiconduc-
tor structure formed according to some embodiments of the
present disclosure.

FIG. 3 illustrates some embodiments of a cross sectional
view of a III-N HEMT device, with a third I1I-N seed layer
formed 1n accordance with the present disclosure.

FI1G. 4 1llustrates some embodiments of a cross sectional
view of a III-N HEMT device with a third III-N seed layer
formed 1n accordance with the present disclosure.

FI1G. 5 illustrates a flowchart of some embodiments of a
method for manufacturing a semiconductor structure having
a third III-N seed layer within a bufler layer, formed
according to some embodiments of the present disclosure.

FIGS. 6-13 illustrate cross-sectional views of some
embodiments of a semiconductor structure at various stages
of manufacture, provided to illustrate the method of FIG. 5.

DETAILED DESCRIPTION

The present disclosure provides many diflerent embodi-
ments, or examples, for implementing different features of
this disclosure. Specific examples of components and
arrangements are described below to simplity the present
disclosure. These are, of course, merely examples and are
not intended to be limiting. For example, the formation of a
first feature over or on a second feature i1n the description
that follows may include embodiments in which the first and
second features are formed 1n direct contact, and may also
include embodiments 1n which additional features may be
formed between the first and second features, such that the
first and second features may not be in direct contact. In
addition, the present disclosure may repeat reference numer-
als and/or letters 1n the various examples. This repetition 1s
tor the purpose of simplicity and clarity and does not 1n 1tself
dictate a relationship between the various embodiments
and/or configurations discussed.
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Further, spatially relative terms, such as “beneath,”
“below,” “lower,” “above,” “upper” and the like, may be
used herein for ease of description to describe one element
or feature’s relationship to another element(s) or feature(s)
as 1llustrated in the figures. The spatially relative terms are
intended to encompass different orientations of the device 1n
use or operation in addition to the orientation depicted in the
figures. The apparatus may be otherwise oriented (rotated 90
degrees or at other orientations) and the spatially relative
descriptors used herein may likewise be interpreted accord-
ingly.

Moreover, “first”, “second”, “third”, etc. may be used
herein for ease of description to distinguish between difler-
ent elements of a figure or a series of figures “first”,
“second”, “third”, etc. are not intended to be descriptive of
the corresponding element. Therefore, “a first dielectric
layer” described 1n connection with a first figure may not
necessarlly corresponding to a “first dielectric layer”
described in connection with another figure.

Group III-V semiconductors ofler good potential for
application 1n a wide range of electro-optical and high-
power microelectronic devices due to their wide band gap
characteristics. Group I1I-V semiconductor devices are typi-
cally manufactured by growing III-V material on another
substrate, due to the expense and dithculty of manufacturing
bulk III-V material waters. For example, FIG. 1 shows an
example of a semiconductor structure 100 where a device
layer of III-V matenial 114, such as GalN (gallium nitride),
InP (indium phosphide) or GaAs (gallilum arsenide) for
example, 1s deposited over a substrate 102, such as a silicon,
sapphire, or silicon carbide substrate, for example. Silicon 1s
a favorable material for the substrate 102 because 1t 1s
inexpensive, available 1 waters with large diameters and
offers very attractive potential for incorporating III-V
devices onto Si-based very large-scale integrated circuits.
Additionally, back end grinding and lapping needed for
packaging 1s well developed for Si1 waters, although sap-
phire or silicon carbide substrates also have advantages.
Whatever substrate 1s used, due to the large difference 1n
lattice constant, crystal structure, and thermal expansion
coellicient between the III-V device layer 114 and substrate
102, 1t 1s rather diflicult to epitaxially grow the I1I-V device
layer 114 directly on substrate 102. Accordingly, a buller
layer 103 1s disposed over the substrate 102 to reduce lattice
mismatch between the substrate 102 and the III-V device
layer 114.

To grow such a bufler layer 103, multiple seed layers are
used. Referring to FIGS. 1-2 concurrently, a first I1I-V seed
layer 104, which has a first ratio of group V atoms to group
III atoms, 1s grown at a low temperature (LT). The LT III-V
seed layer 104 facilitates good lattice matching, but may
have poor crystal quality and may contain threading dislo-
cations 202 (and/or other crystallographic defects associated
with stress) which extend vertically within the first III-V
seed layer 104. The first III-V seed layer 104 may have an
upper surface that exhibits a series of peaks and valleys,
which can be regular or irregular, and which may be referred
to as being a saw tooth surtace. Subsequently, a second I1I-V
seed layer 106, which can have a second ratio of group V
atoms to group III atoms, 1s grown over the first I1I-V seed
layer 104 at a high temperature (HT). Due to their manners
of growth, the first and second III-V seed layers 104, 106
may meet at saw toothed interface 204. The second III-V
seed layer 106 may tend to reduce threading dislocations
202, as the threading dislocations are thought to bend
towards each other due to the change 1n lattice structure and
thereby get annihilated. Thus, the second III-V seed layer
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106 improves epitaxial quality of the buifer layer 103.
However, unless the first III-V seed layer 104 1s grown to at
least some predetermined thickness, the second III-V seed
layer 106 and subsequent III-V substrate material layers
formed over the bufler layer 103 will still experience high
stress due to lattice mismatch, increasing the risk of layer
separation. When the first seed layer 104 1s grown to this
predetermined thickness, the threading dislocations 202 can
be of sufhicient size to lead to V-shaped cracks i a top
surface of the second III-V seed layer 106. Absent counter-
measures, these V-shaped cracks 1n the upper surface of the
second III-V seed layer 106 may eventually lead to burning
out of devices formed over it.

In view of the foregoing, the semiconductor structure 100
includes a third seed layer 108 to reduce tensile stress, which
would otherwise occur due to equal and opposite internal
forces being applied to the lattice of 11I-V device layer 114
formed over the substrate 102. The third I1I-V seed layer 108
turther acts as a capping layer that reduces threading dislo-
cations 202 and/or other lattice defects and accordingly, this
third III-V seed layer 108 can eflectively reduce threading,
dislocation eflects as well. In particular, to achieve this
reduction 1n tensile stress/threading dislocations, the third
I1I-V seed layer 108 1s grown by a high temperature process
and has a third ratio of group V atoms to group III atoms. In
some embodiments, for example, the third ratio of group V
atoms to group III atoms 1s less than the second ratio. For
example, 1n some embodiments, the second V/III ratio for
the second seed layer 106 can range between approximately
2500:1 to approximately 5000:1; while the third V/III ratio
for the third seed layer 108 can range between 200:1 and
1000:1. As an example where the I1I-V material 1s AIN, the
lattice of the second seed layer 106 can exhibit 2500 Al
atoms for each N atom (e.g., a second ratio of 2500:1), while
the lattice of the third seed layer 108 can exhibit 200 Al
atoms for each N atom (e.g., a third ratio of 200:1). The third
I1I-V seed layer 108 with its lower V/III ratio has a better
lattice matching with the I1I-V device layer 114, compared
to the second III-V seed layer 106.

A graded bufler layer 110 can be disposed over the third
III-V seed layer 108. Graded bufier layer 110 provides
additional lattice matching between the butler layer 103 and
the III-V device layer 114 which 1s formed above the graded
bufler layer 110. In some embodiments, the graded bufler
layer 110 comprises a group III-V compound layer (e.g.
AlGaN) and has varying concentrations for group III and
group V elements as a function of depth. An i1solation layer
112 separates the graded bufler layer 110 from the III-V
device layer 114. In some embodiments, the 1solation layer
112 comprises a doped III-V compound layer which 1s
doped, for example with carbon, to reduce diffusion of atoms
from the substrate 102 into the III-V device layer 114. The
third I11I-V seed layer 108 also helps 1n reducing diffusion of
atoms from the substrate 102 to the III-V device layer 114
and thus helps 1n maintaining a resistivity of the i1solation
layer 112.

FIG. 2 1llustrates a cross-sectional view 200 of some
layers of semiconductor structure 100 formed according to
some embodiments of the present disclosure. FIG. 2 repre-
sents 1nterfaces between different layers within the bufler
layer 103. FIG. 2 also 1illustrates threading dislocations 202
existing within the second III-V seed layer 106. The third
I1I-V seed layer 108, which 1s grown at a high temperature,
helps 1n annihilating or terminating the threading disloca-
tions 202 and thus helps in providing a suitable substrate
surface for the growth of graded bufler layer 110. In some
embodiments, a thickness of the first I1I-V seed layer 104 1s
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set to a range of approximately 20 nm to approximately 100
nm, a thickness of the second III-V seed layer 106 1s set to
a range of approximately 50 nm to approximately 200 nm,
a thickness of the third III-V seed layer 108 1s set to a range
of approximately 30 nm to approximately 150 nm, and a
thickness of the graded bufler layer 110 1s set to a range of
approximately 0.2 um to approximately 1.5 um.

In some embodiments, the substrate 102 comprises Si,
and the bufler layer 103 comprises multiple layers of AIN
grown at different temperatures and having different V/III
ratios. The graded bufler layer 110 can manifest as a layer of
AlGaN having varying concentrations of Al and Ga as a
function of depth, or multiple layers of AlGaN. The 1solation
layer 112 comprises GaN which 1s heavily doped with a
carbon (C) concentration greater than 1el9 cm™ and the
I1I-V device layer 114 comprises GaN which 1s lightly doped
with a carbon concentration less than 1lel7 cm™. The
1solation layer 112 has a resistivity that 1s higher than that of
the I1I-V device layer 114 to help limit current leakage, for
example, between the substrate 102 and the III-V device
layer 114.

FIG. 3 illustrates some embodiments of a cross sectional
view of a tri-mitride (III-N) HEMT device 300 formed in
accordance with the present disclosure. III-N HEM'T device

300 has a bufler layer 105 formed over the substrate 102.
Bufler layer 105 includes a first III-N seed layer 104', a
second III-N seed layer 106' and a third I11I-N seed layer 108’
where the third I1I-N seed layer 108’ has a V/III ratio smaller
than a V/III ratio of the second III-N seed layer 106'. Both
the second and third III-N seed layer 106' and 108’ respec-
tively are formed at high temperature conditions and the first
III-N seed layer 104' 1s formed at low temperature condi-
tions. The third III-N seed layer 108" helps relax the stress
of subsequent III-N substrate maternials formed above i1t and
helps 1n reducing threading dislocations originating from the
first I1I-N seed layer 104'. Bufler layer 1035 further includes
a Tourth III-N seed layer 109 which 1s formed over the third
III-N seed layer 108' for reducing surface roughness. The
tourth III-N seed layer 109 has a higher V/III ratio than the
V/1II ratio of the third III-N seed layer 108' and hence has
a better and smoother surface. Formation of the fourth III-N
seed layer 109 1s optional. In some embodiments, the butler
layer 105 comprises different layers of AIN.

A heterojunction structure 113, which 1s an example of a
III-V device structure, comprises a I11-V channel layer 114",
which has a first bandgap, and a barrier layer 115, which has
a second, diflerent bandgap and which 1s arranged on top of
the isolation layer 112. A two dimensional electron gas
(2-DEG) 116 1s formed near the heterojunction interface
between the 11I-V channel layer 114" and the barrier layer
115. In some embodiments, the heterojunction structure 113
comprises an AlGaN/GaN junction. In various embodi-

ments, the barrier layer 1135 of the heterojunction structure
113 comprises Al ,GaN, AIN\AI, ,.GaN\w-GaN (uninten-

tionally doped GaN), AIN\AIl, 25GaN“\p GaN  or
AINMAL, 25GaN“\p -GaN\n-GaN. A source region 118 and a
drain region 120 are disposed over an upper suriace of the
heterojunction structure 113 and are arranged at two end
locations of the barrier layer 115 of semiconductor structure
100. In some embodiments, the source and drain regions 118
and 120, can extend deeper 1n to the barrier layer 115 of the
heterojunction structure 113 and reside at some level within
the height of the barrier layer 115 or extend further 1n to the
2DEG channel 116 at the interface between the I1I-V chan-
nel layer 114' and the barrier layer 115. A gate insulator 122
resides over the heterojunction structure 113 between the
source 118 and drain 120 regions. In various embodiments,
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the gate insulator 122 may comprise silicon nitride (SiN),
aluminum oxide (AlO,), silicon dioxide (S10,), or other
appropriate 1nsulating materials. A gate electrode 124
resides over a specific region of the gate insulator 122. In
some embodiments, the source region 118, the drain region
120 and the gate electrode 124 are formed by selectively
depositing metals like T/ Al/N1/Au.

During operation, a voltage applied to the gate electrode
124 controls the flow of carriers (e.g., 2DEG) from the
source region 118 to the drain region 120 through a channel
region 116 1n the heterojunction structure 113. Thus,
whether the III-N HEMT device 300 1s 1n a conductive or
resistive state can be controlled by controlling the 2DEG 116
with the help of the gate electrode 124. In many cases
HEMT devices are enhancement mode (E-mode) devices,
which operate similar to silicon MOSFET devices by nor-
mally being 1n a non-conducting state (normally off). Due to
the nature of the AlGalN/GaN interface, and the formation of
the 2DEG at the interface of AlGaN and GaN materials in
HEMTs, such devices that are formed 1n the III-N maternials
system tend to be normally on, or depletion mode (D-mode)
devices. 1.¢.; the high electron mobility of the 2DEG at the
interface of the AlGaN/GaN layers permits the III-N device,
such as a HEMT device, to conduct without the application
of a gate potential.

The HEMT device 300 can correspond to a D-mode or
E-mode MISFET (metal-insulator-semiconductor field-ei-
fect transistor). In some embodiments, the barrier layer 115
of an E-mode or D-mode MISFET of structure 300 com-
prises Al, ,.GaN with a thickness of approximately 10 nm
to approximately 30 nm, or can include a tri-layer structure
of AIN\AI, ,.GaN\u-GaN with approximate thicknesses of
(0.2 nm-1.5 nm)\(10 nm-30 nm )}(2 nm-20 nm), respectively.

FI1G. 4 illustrates some embodiments of a cross sectional
view of a III-N HEMT device 400 with a third III-N seed
layer 108' formed in accordance with the present disclosure.
Here, unlike the HEMT structure 300, a doped I1I-V com-
pound layer 125 separates the gate electrode 124 from the
barrier layer 115. In some embodiments, the doped III-V
compound layer 125 comprises doped GaN, which pulls the
clectrons from the 2DEG channel or donates positive 1ons to
the 2DEG channel under the gate electrode 124, making the
HEMT device a normally off or an E-mode III-N HEMT
device. In some embodiments, the barrier layer 115 of an
E-mode HEMT device of structure 400 comprises AIN
(0.2-1.5 nm)Al0.25GaN (10-30 nm)\p-GaN (Mg dopant
8E18~3¢l19 c¢m-3, 10-200 nm) or AIN (0.2-1.5
nmBAl0.25GaN (10-30 nm)\p-GaN (Mg dopant 8E18~3¢19
cm-3, 10-200 nm)wn-GaN (S1 dopant 5E15~1el7 cm-3,
10-200 nm).

FIG. 5 1llustrates a flowchart 500 of some embodiments of
a method for manufacturing a semiconductor structure hav-
ing a third III-N seed layer within a bufler layer, formed
according to some embodiments of the present disclosure.
While the disclosed method 1s 1llustrated and described
below as a series of acts or events, 1t will be appreciated that
the 1llustrated ordering of such acts or events are not to be
interpreted 1n a limiting sense. For example, some acts may
occur 1n different orders and/or concurrently with other acts
or ecvents apart from those illustrated and/or described
herein. In addition, not all 1llustrated acts may be required to
implement one or more aspects or embodiments of the
description herein. Further, one or more of the acts depicted
herein may be carried out 1n one or more separate acts and/or
phases.

At 502, a substrate 1s provided. In some embodiments, the
semiconductor substrate comprises Si, and can be for
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example, a silicon water with 1ts crystalline structure termi-
nating on a (111) lattice plane. In other embodiments, the
substrate can be a sapphire wafer, a silicon-carbide wafer, or
a silicon-on-insulator (SOI) wafer.

At 504, a first III-N seed layer 1s formed over the
substrate. In some embodiments, this first III-N seed layer 1s
formed by a low temperature (LT) process and comprises LT
AIN.

At 506, a second III-N seed layer 1s formed over the first
III-N seed layer. In some embodiments, the second III-N

seed layer 1s formed by a high temperature (HT) process and
comprises HT AIN.

At 508, a third III-N seed layer having a smaller V/III
ratio than a V/III ratio of the second III-N seed layer 1s
formed over the second III-N seed layer. In some embodi-
ments the third III-N seed layer 1s formed by a high
temperature (HT) process and comprises HT AIN.

At 510, a graded bufler layer 1s formed over the third I1I-N
seed layer. In some embodiments, the graded bufler layer
comprises AlGaN.

At 512, an 1solation layer 1s formed over the graded butler
layer. In some embodiments, the isolation layer comprises
heavily doped GalN having a dopant concentration greater
than le 19 cm™.

At 514, a heterojunction structure i1s formed over the
isolation layer. In some embodiments, the heterojunction
structure comprises AlGaN over GaN. The GaN layer of the
heterojunction structure may comprise a doped GaN (UID-
GaN) layer, usually referred as unintentionally doped (e.g.,
a GalN material not having intentionally placed dopants, but
rather having a doping resulting from process contaminants,
for example). In one embodiment, the UID-GaN layer may
have an n-type doping.

At 516, a gate msulator 1s formed over the heterojunction
structure.

At 518, source, drain and gate contacts are formed over
the heterojunction structure.

With reference to FIGS. 6-13, cross-sectional views of
some embodiments of a semiconductor structure at various
stages ol manufacture are provided to illustrate the method
of FIG. 5. Although FIGS. 6-13 are described 1n relation to
the method 500, 1t will be appreciated that the structures
disclosed 1n FIGS. 6-13 are not limited to the method 500,
but 1nstead may stand alone as structures independent of the
method 500. Similarly, although the method 500 1s described
in relation to FIGS. 6-13, 1t will be appreciated that the
method 300 1s not limited to the structures disclosed in
FIGS. 6-13, but instead may stand alone independent of the
structures disclosed 1n FIGS. 6-13.

FIG. 6 illustrates a cross-sectional view 600 of some
embodiments of a semiconductor structure corresponding to
Act 502 of FIG. 5. As 1llustrated 1n FIG. 6, a substrate 102
1s provided. In some embodiments, the substrate 102 can be
a S1, S1C (silicon carbide) or sapphire substrate, often in the
form of a circular wafer having a diameter of approximately
100 mm, 130 mm, 150 mm, 200 mm, 300 mm, or 450 mm,
for example.

FIG. 7 illustrates a cross-sectional view 700 of a semi-
conductor structure corresponding to Acts 504 and 506 of
FIG. 5. As 1llustrated, the first III-N seed layer 104" and the
second III-N seed layer 106' are formed over the substrate
102. In some embodiments the first III-N seed layer 104’
comprises AIN which 1s grown at a low temperature using
growth processes comprising MOCVD (metal organic
chemical vapor deposition), MBE (molecular beam epitaxy)
or HVPE (hydride vapor pressure epitaxy). In some embodi-
ments the first III-N seed layer 104' 1s grown at a tempera-
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ture ranging between 900~1000° C., to a thickness ranging,
between 20~100 nm. The low temperature promotes a 3D
growth mode and a lattice structure of the 3D mode AIN
matches well with a lattice structure of the substrate 102. In
some embodiments, the second III-N seed layer 106' 1s
formed at a high temperature ranging between 1050~1200°
C., to a thickness ranging between 50~200 nm. The V/III
ratio of the second III-N seed layer 106' ranges between
2500-5000. A LT AIN seed layer has a cloudy or rough
topography whereas a HT AIN seed layer has a smooth
topography. Hence, the first III-N seed layer 104" and the
second III-N seed layer 106' meet at a saw-toothed interface.

FIG. 8 1llustrates a cross-sectional view 800 of a semi-
conductor structure corresponding to Act 508 of FIG. 5. A
third III-N seed layer 108' 1s formed over the second III-N
seed layer 106'. The first, second and third I1I-N seed layers
104', 106' and 108’ respectively, together form a I1I-N builer
layer 103". In some embodiments, the third III-N seed layer
108' comprises AIN, which 1s grown at a high temperature
ranging between 1050~1200° C., to a thickness ranging
between 30~150 nm. The V/III ratio of the third III-N seed
layer 108' ranges between 200-1000. As mentioned earlier,
the low V/III ratio of the third III-N seed layer 108' has a
lattice structure that matches with GaN and thus 1t reduces
the tensile stress on GalN. Further, the 2D growth mode of
the third III-N seed layer 108' helps annihilate or terminate
threading dislocations and thus prevents burning out of
devices as a result of V-shaped cracks.

FIG. 9 1llustrates a cross-sectional view 900 of a semi-
conductor structure corresponding to Act 510 of FIG. 5. As
illustrated 1n FI1G. 9, a graded bufler layer 110 1s formed over
the bufler layer 103'. As mentioned above the graded bufler
layer 110 provides additional lattice matching between the
substrate and the III-V device layer formed over it. The
graded layer 110 has a chemical formula that varies as a
function of depth. For example, the graded layer 110 has a
first chemical formula at an interface between the graded
layer 110 and the underlying third I1I-N seed layer 108', and
a second chemical formula at an interface between the
graded layer 110 and an overlying III-V compound layer. In
some embodiments, the graded layer 110 comprises an
AlGaN layer. In various embodiments, the graded bufler
layer 110 may comprise a chemical formula of Al _Ga,_N,
where X 1s 1n a range of approximately 0.1 to approximately
0.95 at different positions in the graded layer 110. In some

embodiments, the graded AlGaN layer comprises {for
example, 3X-AlGaN layer,

Al -:Ga, ,-N\Al, .Ga, NVAL, ,-Ga, N or 4X-AlGaN (for
example,

Al 75Ga, ,sNVAL sGag sNVAL 55Ga, ,sNVAL,  Gag N),
grown at a temperature ranging between 980~11350° C. to a
thickness ranging between 0.2-1.5 um.

FIG. 10 1illustrates a cross-sectional view 1000 of a
semiconductor structure corresponding to Act 512 of FIG. 5.
As 1illustrated i FIG. 10, an i1solation layer 112 1s disposed
directly over the graded butler layer 110. In some embodi-
ments, the 1solation layer comprises C doped GaN with a C
concentration greater than 1e19 cm™. The C dopants in the
isolation layer 112 limit or prevent diffusion of Si atoms
from the substrate 102 to the layers formed above the
1solation layer 112. In some embodiments, the 1solation layer
112 1s grown to a thickness ranging between 0.1~1.5 um at
a temperature ranging between 950~1050° C. In some
embodiments the 1solation layer 112 1s grown as a doped
layer over the graded bufler layer 110.

FIG. 11 1illustrates a cross-sectional view 1100 of a
semiconductor structure corresponding to Act 514 of FIG. 5.
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As 1llustrated 1n FIG. 11, a III-V channel layer 114" 1s
disposed over the 1solation layer 112. The III-V channel
layer 114' 1s part of a heterojunction structure 113. In some
embodiments, the I1I-V channel layer 114' comprises u-GalN
having a C concentration less than 1el7 cm™. In some
embodiments, the u-GalN thickness ranges between approxi-

mately 0.2~1.0 um and it 1s grown at a temperature ranging
between 950~1050° C.

FIG. 12 illustrates a cross-sectional view 1200 of a
semiconductor structure corresponding to Act 514 of FI1G. 5.
Here, a III-V barrier layer 115 i1s formed over the III-V
channel layer 114', completing the formation of the hetero-
junction structure 113. The III-V barrier layer 115 1s used to
provide the band gap discontinuity with I1I-V channel layer
114' to form 2-DEG 116. In some embodiments, the III-V
layer 115 comprises Al, ,-GaN (10~30 nm), AIN (0.2-1.5
nm)M\Al, ,.GaN (10-30 nm)\wu-GaN (2-20 nm), AIN (0.2-1.5
nm)Al, ,-GaN (10-30 nm)\p-GaN (Mg dopant 8E18~3¢19
cm™, 10-200 nm) or AIN (0.2-1.5 nm)\Al, ,GaN (10-30
nm)\p-GaN (Mg dopant 8E18~3e19 cm™, 10-200 nm)\n-
GaN (Si dopant 5E15~1el17 cm™, 10-200 nm).

FIG. 13 illustrates a cross-sectional view of a transistor
device 1300 corresponding to Acts 516 and 518 of FIG. 5.
As 1llustrated in FIG. 13, source region 118, drain region 120
and a gate msulator 122 are formed over the heterojunction
structure 113. A gate electrode 124 1s disposed over a
specific region of the gate isulator 122. The source region
118 and the drain region 120 are located at two end locations
of the barrier layer 115 and the gate electrode 124 1s located
above the gate insulator 124 between the source region 118
and the drain region 120. When a gate voltage 1s applied to
the gate electrode 124, a device current of the transistor
device 1300 1s modulated within the 2DEG 116. The 2DEG
116 comprises electrons having a high mobility. In various
embodiments, the gate insulator 122 may comprise a silicon
nitride (Si1N) layer, an aluminum oxide (AlO; or Al,O;)
layer, a hatnium oxide layer (H1O,), or a silicon dioxide
(510,) layer. Depending on the use and material used for the
gate isulator 122, the semiconductor structure 1300, oper-
ates differently. For example, when excluding the gate
insulator 122 and introducing a doped I1I-V compound layer
(not shown) under the gate electrode 124, the disclosed
transistor device 1300 operates as a high electron mobility
transistor (HEMT) device. When using an insulating layer
122 comprising Al,O,, HIO,, or SiN the disclosed transistor
device 1300 operates as a MISFET. When using an insulat-
ing layer 122 comprising S10,, the disclosed transistor
device 1300 operates as a MOSFET.

It will be appreciated that while reference 1s made
throughout this document to exemplary structures in dis-
cussing aspects of methodologies described herein that those
methodologies are not to be limited by the corresponding
structures presented. Rather, the methodologies (and struc-
tures) are to be considered independent of one another and
able to stand alone and be practiced without regard to any of
the particular aspects depicted in the Figs. Additionally,
layers described herein, can be formed in any suitable
manner, such as with spin on, sputtering, growth and/or
deposition techniques, etc.

Also, equivalent alterations and/or modifications may
occur to those skilled in the art based upon a reading and/or
understanding of the specification and annexed drawings.
The disclosure herein includes all such modifications and
alterations and 1s generally not intended to be limited
thereby. For example, although the figures provided herein,
are 1llustrated and described to have a particular doping type,
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it will be appreciated that alternative doping types may be
utilized as will be appreciated by one of ordinary skill 1n the
art.

The present disclosure relates to a structure and method of

a GaN film on a Si1 substrate including an additional HT
III-N seed layer, which helps in reducing tensile stress on
GalN. Thickness of a LT AIN bufler has a critical value after
which V-shaped cracks will be formed over the AIN bufler,
which will lead to burning out of devices. Reducing the
thickness of LT AIN seed layer will pose tensile stress on
GaN bulk due to lattice mismatch. The third I1I-N seed layer
has a low V/III ratio compared to the second III-N seed layer
and the low crystal quality and the lattice structure of the
third III-N seed layer helps in reducing tensile stress on
GaN. The HT or third III-N seed layer further helps 1n
annihilating TDs and prevents diffusion of S1 atoms from the
substrate to active layers of the transistor.

In one embodiment, the present disclosure relates to a first
I1I-V (group III-group V) seed layer disposed over a sub-
strate and having a first ratio of group V atoms to group III
atoms, a second I1II-V seed layer disposed over the first I1I-V
seed layer and having a second ratio of group V atoms to
group III atoms, and a third III-V seed layer disposed
abutting a top surface of the second I11I-V seed layer, wherein
the third III-V seed layer has a third ratio of group V atoms
to group III atoms. The third ratio 1s different from the
second ratio.

In another embodiment, the present disclosure relates to a
method of forming a semiconductor device, the method
comprising, providing a substrate, forming a first III-V
(group Ill-group V) seed layer over the semiconductor
substrate using a first process performed at a first tempera-
ture, forming a second III-V seed layer over the first 11I-V
seed layer using a second process performed at a second
temperature, which 1s diflerent from the first temperature,
and forming a third III-V seed layer over the second III-V
seed layer using a third process performed at a third tem-
perature, which 1s different from the first temperature.

In yet another embodiment, the present disclosure related
to a semiconductor device comprising, a silicon (S1) sub-
strate, a first aluminum nitride (AIN) seed layer disposed
over the Si1 substrate and having a first ratio of Group V
atoms to Group III atoms, a second AIN seed layer having
a second ratio of Group V atoms to Group III atoms disposed
over the first AIN seed layer, and a third AIN seed layer
having a third ratio of Group V atoms to Group III atoms
disposed over the second AIN seed layer. The second V/III
rat1o 1s higher than the third V/III ratio.

The foregoing outlines features of several embodiments
so that those skilled in the art may better understand the
aspects of the present disclosure. Those skilled in the art
should appreciate that they may readily use the present
disclosure as a basis for designing or modifying other
processes and structures for carrying out the same purposes
and/or achieving the same advantages of the embodiments
introduced herein. Those skilled 1n the art should also realize
that such equivalent constructions do not depart from the
spirit and scope of the present disclosure, and that they may
make various changes, substitutions, and alterations herein
without departing from the spirit and scope of the present
disclosure.

What 1s claimed 1s:

1. A semiconductor device, comprising:

a substrate:

a first III-V (group IlI-group V) seed layer disposed over

the substrate, wherein the first 11I-V seed layer has a
first ratio of group V atoms to group III atoms;
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a second I11I-V seed layer disposed over the first I1I-V seed
layer, wherein the second III-V seed layer has a second
ratio of group V atoms to group III atoms, wherein the
first 11I-V seed layer and the second III-V seed layer
meet at a saw-toothed interface:

a third III-V seed layer disposed over the second III-V
seed layer, wherein the third I1I-V seed layer has a third
ratio of group V atoms to group III atoms, wherein the
second ratio 1s greater than the third ratio so the second
III-V seed layer 1s group-V-poor relative to the third
III-V seed layer; and

at least one device layer of I1I-V material disposed over

the third III-V seed layer.
2. The semiconductor device of claim 1, wherein the

substrate 1s a silicon substrate, sapphire substrate, or silicon
carbide substrate.

3. The semiconductor device of claim 1, wherein the at
least one device layer of 11I-V material comprises:

a first 11I-V device layer having a first bandgap; and

a second III-V device layer having a second bandgap that
differs from the first bandgap, wherein the first and
second III-V device layers meet at a heterojunction
interface.

4. The semiconductor device of claim 3, wherein the first

bandgap 1s less than the second bandgap.

5. The semiconductor device of claim 3, further compris-
ng:

a graded bufler layer disposed over the third III-V seed
layer; wherein concentration of group III atoms of the
graded buller layer varies as a function of depth; and

an 1solation layer disposed between the graded builer
layer and the first III-V device layer.

6. The semiconductor device of claim 5, wherein:

the first, the second, and the third III-V seed layers
comprise AIN (aluminum nitride);

the graded bufler layer comprises AlGaN (aluminum
gallium nitride);

the 1solation layer comprises GalN (galllum nitride); and

at least one of the first or second III-V device layers
comprise AlGaN.

7. The semiconductor device of claim 1, wherein a
thickness of the first III-V seed layer ranges from approxi-
mately 20 nm to approximately 100 nm, a thickness of the
second III-V seed layer ranges from approximately 50 nm to
approximately 500 nm and a thickness of the third I1I-V seed
layer ranges from approximately 30 nm to approximately
150 nm.

8. The semiconductor device of claim 1, wherein the first
seed layer 1s grown at a first temperature, the second seed
layer 1s grown at a second temperature, and the third seed
layer 1s grown at a third temperature, wherein the first
temperature 1s less than each of the second and third
temperatures.

9. A semiconductor device comprising:

a silicon (S1) substrate;

a first aluminum nitride (AIN) seed layer disposed over
the S1 substrate and having a first ratio of group V
atoms to group llI atoms;

a second AIN seed layer having a second ratio of group V
atoms to group III atoms disposed over the first AIN
seed layer, wherein the first AIN seed layer and the
second AIN seed layer meet at a saw-toothed interface;

a third AIN seed layer having a third ratio of group V
atoms to group III atoms disposed over the second AIN
seed layer, wherein the third ratio 1s less than the
second ratio so the third III-V seed layer i1s group-V-
rich relative to the second III-V seed layer; and

a GaN device layer over the third AIN seed layer.




US 9,620,362 B2

11

10. The semiconductor device of claim 9, wherein the
second ratio ranges from approximately 2500-5000:1 and
the third ratio ranges from approximately 200-1000:1.

11. The semiconductor device of claim 9, wherein the
saw-toothed 1nterface 1s made up of a series of irregularly
spaced peaks and valleys, wherein respective peaks have
different heights and respective valleys have different depths
as measured from an uppermost surtace of the S1 substrate.

12. The semiconductor device of claam 11, wherein the
first AIN seed layer 1s 1n direct contact with the second AIN
seed layer, and the second AIN seed layer 1s 1n direct contact

with the third AIN seed layer.

13. The semiconductor device of claim 12, wherein a first
hickness of the first AIN seed layer 1s less than a second

{
thickness of the second AIN seed layer, and wherein a third
thickness of the third AIN seed layer 1s greater than the first
thickness and less than the second thickness.

14. The semiconductor device of claim 9, wherein the
second thickness 1s more than twice as large as the first
thickness, and the third thickness i1s closer to the first
thickness than to the second thickness.

15. The semiconductor device of claim 5, wherein a lower
portion of the graded bufler layer 1s 1n direct contact with the
third III-V seed layer, and an upper portion of the graded
bufler layer 1s 1n direct contact with the i1solation layer.

16. The semiconductor device of claim 15, wherein the at
least one device layer 1s 1n direct contact with the 1solation
layer.

17. The semiconductor device of claim 1, wherein a first
thickness of the first III-V seed layer 1s less than a second
thickness of the second III-V seed layer, and wherein a third
{
{

hickness of the third I1I-V seed layer 1s greater than the first
hickness and less than the second thickness.

18. The semiconductor device of claim 2, wherein the
saw-toothed interface includes a series of peaks and valleys
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which are 1rregularly spaced, wherein respective peaks have
different heights and respective valleys have different depths
as measured from an uppermost surface of the substrate.

19. A semiconductor device, comprising;:

a substrate;

a first I1I-V (group IlI-group V) seed layer disposed over
the substrate, wherein the first 11I-V seed layer has a
first ratio of group V atoms to group III atoms;

a second III-V seed layer disposed over the first I11-V seed
layer, wherein the second III-V seed layer has a second
ratio of group V atoms to group III atoms, wherein the
first I11I-V seed layer and the second III-V seed layer
meet at a saw-toothed interface;

a third III-V seed layer disposed over the second III-V
seed layer, wherein the third I1I-V seed layer has a third
ratio of group V atoms to group III atoms, wherein the
second ratio 1s greater than the third ratio so the second
III-V seed layer 1s group-V-poor relative to the third
IT1I-V seed layer;

a graded bufler layer disposed over the third III-V seed
layer; wherein concentration of group III atoms of the
graded buller layer varies as a function of depth;

an 1solation layer disposed over the graded bufler layer;
and

a I1I-V device layer disposed over the 1solation layer.

20. The semiconductor device of claim 19, wherein the

first I1I-V seed layer has a lower surface in direct contact
with an upper surface of the substrate, the second III-V seed
layer has a lower surface in direct contact with an upper
surface of the first I1I-V seed layer, the third I11-V seed layer
has a lower surface 1n direct contact with an upper surface
of the second III-V seed layer, and the graded builer layer

has a lower surface in direct contact with an upper surface
of the third III-V seed layer.

G o e = x
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